A microwave discharge ion source (MDIS) operating at the Laboratori Nazionali del Sud of INFN, Catania has been used to compare the traditional electron cyclotron resonance (ECR) heating with an innovative mechanisms of plasma ignition based on the electrostatic Bernstein waves (EBW). EBW are obtained via the inner plasma electromagnetic-to-electrostatic wave conversion and they are absorbed by the plasma at cyclotron resonance harmonics. The heating of plasma by means of EBW at particular frequencies enabled us to reach densities much larger than the cutoff ones. Evidences of EBW generation and absorption together with X-ray emissions due to high energy electrons will be shown. A characterization of the discharge heating process in MDISs as a generalization of the ECR heating mechanism by means of ray tracing will be shown in order to highlight the fundamental physical differences between ECR and EBW heating. 
I. THEORETICAL BACKGROUND
Microwave discharge ion sources (MDISs) are used to produce high intensity proton beams (above 30 mA) with low emittance (below 0.2 π mm mrad). The operations of these devices are essentially based on the so-called off-resonance discharge in a quasi-constant magnetic field B ∼ 0.1 T, obtained by launching electromagnetic (EM) waves with f = 2.45 GHz inside a metallic cavity of few cm of length and diameter.
1, 2 Such devices are density limited, if the ECR is the only heating mechanism: the electromagnetic waves cannot propagate over a certain density, called cutoff density. 3 In such a way, one can obtain plasmas with densities only slightly above the O mode cutoff. The plasma density is a crucial parameter for the source performances because the output proton current depends linearly on it. To overcome the density limitations, electrostatic Bernstein waves (EBW) heating 4 is an option. Electrostatic waves, and in particular the EBW, do not suffer any density cutoff; they are able to propagate in largely overdense plasmas, i.e., plasmas above the cutoff, being absorbed at cyclotron harmonics.
5 EBW cannot propagate outside the plasma and they are internally created from an EM wave. It can be shown that X waves convert into EBW and ion waves at upper hybrid resonance (UHR), when ω RF = ω 2 p + ω 2 c , ω p being the plasma frequency and ω c the cyclotronic frequency. The absorption mechanism can be explained by the Segdeev-Shapiro damping model, which predicts the creation of shell-like energetic electron layers where EBW are absorbed. According to Ref. 8, the wave energy can be absorbed by the electrons as in the case of Landau damping for longitudinal and magnetic field parallel waves. Because of the external B field, an E × B drift can arise. In a cylindrical symmetry, this drift forms an azimuthal flow rotating around the plasma axis. Viscosity and nonlinear phenomena could then generate a 3D, "typhoon-shaped" plasma vortex.
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II. EXPERIMENTAL SETUP
During the experiment, two different microwave discharge ion sources have been used, featuring slightly different magnetic profiles. The first one is a plasma reactor consisting of a stainless-steel cylinder 24 cm long, 14 cm diameter. A NdFeB permanent magnets system generates an off-resonance magnetic field along the plasma chamber axis (with a maximum of 0.1 T on axis). The second is the versatile ion source 10, 11 (VIS). The source body consists of a water-cooled copper plasma chamber (100 mm long and 90 mm diameter). VIS enables us to have purely offresonance microwave injection (which is not possible using plasma reactor). Microwaves have been generated by using a conventional 300 W magnetron, able to generate 2.45 GHz microwaves, or a travelling wave tube (TWT), able the generate microwaves from 3.2 to 4.9 GHz. The typical working frequency when using TWT was 3.7478 GHz. The measurements of temperature and plasma density have been carried out by using a movable Langmuir probe (LP). LP can host a small wire used as local electromagnetic antenna, which can be connected to a spectrum analyzer for the plasma spectral emission analysis. A Si-Pin and a HPGe X-ray detector have been used for the measurement of X-ray spectra in different plasma conditions. Both detectors are able to detect X rays with energy greater than about 1 keV. A CCD camera has been used to visualize the plasma structure within the chamber at the two working frequencies, at different microwave powers and pressures. A render view of the experimental set-up is shown in Figure 1 .
III. EXPERIMENTAL RESULTS
In the first part of the experiment, we modified the position of the magnetic field with respect to the plasma chamber of VIS; in such a way, microwave injection takes place at different values of magnetic field. In each chosen configuration (see Figure 2) , a measurement of X-ray emission has been done by means of Si-Pin X detector. In Figure 3 , the results are shown. We use as reference B ECR . X rays were detected particularly in position D (B inj /B ECR = 0.92, 1 keV spectral temperature). When the injection approaches B ECR , X rays tend to disappear and finally, at position A (B inj /B ECR > 1), no X rays were detected. These results show that the production of high energy X rays (T > 1 keV) takes place only in case of under-resonance discharge, that is the required condition to have UHR placed somewhere inside the plasma. For B inj /B ECR < 0.95, the UHR takes place at quite high plasma densities, thus sustaining the production of a large number of warm electrons. Furthermore, the emittance measurements carried out in configurations A and D have shown a larger emittance in configuration D (0.207 π mm mrad) than in configuration A (only 0.125 π mm mrad). The emittance ε depends on the magnetic field at extraction B ext , the radius of extraction r, the ratio of ion mass in amu to charge state of the 
Since B ext does not change significantly between configuration A and D, and r and M/Q are constant, it is probable that the production of ion waves at UHR causes strong ion heating, with a remarkable impact on beam emittance. In order to clarify the effects of EBW on electron density and temperature within the plasma chamber, a series of LP measurements has been carried out with the plasma reactor at the frequency of 2.45 GHz, when both under-resonance and off-resonance regions are present. In Figure 4 , it is evident that the electron density is drastically enhanced in regions where condition B < B ECR is satisfied. This effect is observed for all different power values we used; in particular, at 200 W an electron density of about 1.5 × 10 12 cm −3 has been measured, value twenty times greater than the cutoff density. Note that electron density is everywhere comparable or larger than the cutoff density (n c = 7.5 × 10 10 cm −3 ). Analysis of probe data based on different probe theories confirmed these extremely high values. Plasma bulk temperature, on the contrary, does not change in the two regions. Higher values (about 14 eV) are present in proximity of ECR. In the same magnetic configuration, X-ray measurements have been carried out at 2.45 GHz and 3.7478 GHz. By increasing the pumping frequency, it is possible to totally remove the ECR, so at 3.7478 GHz the entire plasma chamber is under-resonance and EBW heating becomes the unique heating mechanism. Spectral temperatures measured in the two cases are shown in Figure 5 . At the frequency of 3.7478 GHz, the spectral temperature is significantly larger (up to 4 keV) rather than at 2.45 GHz. It is possible to identify, around 80 W, a threshold for which the slope of temperature increases suddenly and becomes steeper for both the configurations. End point energy is about ten times the value of the spectral temperature. The spectral temperature decreases slightly with the atomic mass of the used gas and when the pressure is increased.
An interesting correlation exists between the increase of the spectral temperature and CCD photos of the plasma. At low power, in both configurations a ring is visible, which disappears for P > 80 W. At 2.45 GHz, a plasma "ball" (probably due to direct ECR heating) is always present in the center of the chamber (see Figure 6 ). At 3.7478 GHz, as soon as the lateral ring disappears at higher power, the plasma assumes the structure of a plasma hole (Figure 7) . 9 In both cases, the X-ray spectral temperature increases suddenly. It seems clear that the plasma goes through two metastable equilibrium configurations, each one characterized by a typical plasma shape and X-ray energy. A possible interpretation of these images is that the ring visible at lower power corresponds to UHR layer. By means of a ray tracing analysis (see Figure 8) , it is possible to demonstrate that, if electron density decreases symmetrically from the chamber axis, going down below the cutoff value from the axis to the chamber walls, the UHR is placed laterally and it assumes a 3D structure very similar to the high brightness layers featured by the CCD images. In particular, because of symmetry, UHR has the shape of two rings at 2.45 GHz, and of the lateral surface of a cylinder at 3.7478 GHz. When increasing the microwave power, the electron density in the peripheral regions increases accordingly, and the UHR cannot occur in this position. Plasma changes its shape and, in both cases, X-ray temperatures increase. In Ref. 14, it has been shown that hole at the center of the chamber represents a region at lower density. It is possible that in a plasma hole configuration UHR takes place in the central region of the chamber along the axis. Spatially resolved measurements along the radial direction will be needed to verify ray tracing predictions.
IV. COMMENTS
Measurements show that the presence of an underresonance region in the injection side of the chamber enables us to reach densities up to twenty times the cutoff one by means of the absorption of EBW at cyclotronic harmonics. Generation of EBW with ancillary ion waves is confirmed by the enhancement of beam emittance, almost doubled. The increase of emittance is, however, much lower than the increase of electron density in the under-resonance region, thus finally producing a high brightness output beam. The measurements suggest that a source based only on EBW heating could reach very high density plasma (up to 1 × 10 12 cm −3 ) over the entire plasma chamber, and consequently extracted current much more intense than the ones obtained with typical devices used nowadays. Beams tools for reducing the emittance growth must be carefully investigated: gas mixing or passive "downstream" methods like space charge lens could be used to compensate the deterioration of beam quality in phase space caused by ion waves. Measurements show that the presence of UHR is accompanied by the presence of high energy X rays, which are created at cyclotronic harmonics when EBW are absorbed. X-ray spectral temperature and end point energy are strictly related to the plasma configuration. Hard plasma radiation is a clear sign of high energy electrons which can be used for multiple ionizations. Future high intensity multicharged ion sources can, therefore, be based on the results described here, by employing a simplified magnetic configuration with respect to typical B-minimum ECR ion sources.
